We discuss the uncertainties in constraining low-energy constants of chiral effective field theory from 3 H β decay. The half-life is very precisely known, so that the Gamow-Teller matrix element has been used to fit the coupling cD of the axial-vector current to a short-range two-nucleon pair. Because the same coupling also describes the leading one-pion-exchange three-nucleon force, this in principle provides a very constraining fit, uncorrelated with the 3 H binding energy fit used to constrain another low-energy coupling in three-nucleon forces. However, so far such 3 H half-life fits have only been performed at a fixed cutoff value. We show that the cutoff dependence due to the regulators in the axial-vector two-body current can significantly affect the Gamow-Teller matrix elements and consequently also the extracted values for the cD coupling constant. The degree of the cutoff dependence is correlated with the softness of the employed NN interaction. As a result, present three-nucleon forces based on a fit to 3 H β decay underestimate the uncertainty in cD. We explore a range of cD values that is compatible within cutoff variation with the experimental 3 H half-life and estimate the resulting uncertainties for many-body systems by performing calculations of symmetric nuclear matter. Introduction. The development of new and improved nuclear forces within chiral effective field theory (EFT) is currently a very active field of research [1] [2] [3] [4] . In contrast to phenomenological approaches, chiral EFT provides a framework that allows to systematically derive improvable expansions for nucleon-nucleon (NN) and many-body forces as well as electroweak current operators at low energies [5] [6] [7] [8] . Within Weinberg's power counting scheme [9] the contributions to NN forces have been worked out up to fifth order in the chiral expansion [3, 10], whereas three-nucleon (3N) and four-nucleon forces have been developed up to fourth order [11] [12] [13] [14] . Similarly nuclear currents have been derived up to fourth order for axial-vector [15, 16] and vector currents [17] [18] [19] [20] [21] .
Introduction. The development of new and improved nuclear forces within chiral effective field theory (EFT) is currently a very active field of research [1] [2] [3] [4] . In contrast to phenomenological approaches, chiral EFT provides a framework that allows to systematically derive improvable expansions for nucleon-nucleon (NN) and many-body forces as well as electroweak current operators at low energies [5] [6] [7] [8] . Within Weinberg's power counting scheme [9] the contributions to NN forces have been worked out up to fifth order in the chiral expansion [3, 10] , whereas three-nucleon (3N) and four-nucleon forces have been developed up to fourth order [11] [12] [13] [14] . Similarly nuclear currents have been derived up to fourth order for axial-vector [15, 16] and vector currents [17] [18] [19] [20] [21] .
The contributions to nuclear forces and currents generally depend on low-energy couplings (LECs) that capture the short-distance physics that is not resolved explicitly within the EFT. Therefore, to determine the LECs, fits to data are needed. Up to second (next-to-leading) order there are no contributions from many-body interactions or currents, and the LECs in the NN forces are usually obtained by fits to pion-nucleon and nucleon-nucleon scattering data. At third (next-to-next-to leading) order, N 2 LO, two additional LECs, c D and c E , enter in 3N forces and two-body (2b) currents. While c D enters in both the NN-contact-one-pion exchange 3N force and the Generally, reliable fits require observables that are not strongly correlated under variations of the LECs. In particular, for the c D and c E determination, Ref. [22] showed that this condition is fulfilled for fits to the 3 H half-life and binding energy, as proposed earlier [29] . With the LECs fixed, heavier systems can be studied. The interactions based on Ref. [22] provide good nuclear structure properties, including binding energies, up to oxygen isotopes [30] [31] [32] , but tend to overbind heavier nuclei [31, [33] [34] [35] . The significance of the overbinding is un-
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clear, however, because the uncertainties associated to the interactions have not been systematically explored.
Other interactions fitted to different data lead to promising results for heavier nuclei, neutron and nuclear matter [2, 26, 28, 31, [36] [37] [38] [39] [40] [41] [42] [43] .
In this work, we investigate the theoretical uncertainties of LEC determinations involving the 3 H half-life and study to what extent the LECs can be constrained based on these fits. Presently, a major source of uncertainty that has not yet been properly taken into account is the regularization scheme and scale dependence for both nuclear interactions and currents. So far, two different regulators in momentum space have been used: first, local regulators that affect all matrix elements in the momentum transfer; and second, nonlocal regulators that act on the relative momenta in the initial and final states. The consistent and efficient choice of a regulator scheme is subject of an active ongoing debate as various different schemes and scales are currently used for nuclear interactions [1, 3, 4, 44, 45] . Given that nuclear structure observables are already sensitive to a specific choice (see, e.g., Refs. [46, 47] ) the consistent treatment of regulators in interactions and currents represents an additional challenge. First studies concerned with the uncertainty due to the choice of regulators were performed only for a relatively small range of cutoff values [48, 49] . In this paper we show that the regulator choice can affect significantly the LEC values extracted from 3 H β decay. This finding raises the fundamental question regarding the consistency of the regularization scheme in nuclear interactions and currents.
Triton β decay and nuclear currents. Formally, the half-life t for the β decay of 3 H can be expressed in the form [50, 51] (
where δ R includes radiative corrections that originate from virtual photon exchange between the charged particles, f V and f A are Fermi functions, which account for the deformation of the electron wave function due to electromagnetic interactions with the nucleus, and G V = 1 and g A = 1.27 denote the vector and axial-vector couplings. The kinematics of the process leads to an additional constant K = 2π 3 ln 2/m 5 e , where m e is the electron mass. The half-life depends on the nuclear matrix elements of the vector and axial-vector currents denoted as Fermi F and Gamow-Teller GT matrix elements, respectively. The Fermi reduced matrix element is given by F = 3 He
is the isospin-raising operator. The Gamow-Teller reduced matrix element contains axial-vector one-body (1b) and 2b current contributions:
The axial-vector current was derived in chiral EFT to third order [52] [53] [54] , also denoted as Q 3 , where Q ∼ m π is the typical momentum scale, of the order of the pion mass, and the expansion refers to powers in Q/Λ b , with Λ b ∼ 500 MeV the breakdown scale of the EFT. More recent derivations have been performed to order Q 4 [15, 16] . Since the Q-value of the 3 H β decay is about 100 keV, to very good approximation we evaluate all currents at vanishing momentum transfer. Therefore to order Q 0 and Q 2 , only the momentum-independent 1b current contributes:
At order Q 3 , 2b currents enter. In the limit of vanishing momentum transfer, they are given by [52, 54] 
where
, with initial and final nucleon momenta p i and p i , and the pion decay constant F π = 92.4 MeV. We use m π = 138 MeV and for the nucleon mass m N = 938.9 MeV. The c i are pion-nucleon LECs, which we take consistently with the corresponding nuclear interaction.
The relativistic corrections of the leading 2b currents are suppressed by a factor of 1/m N . In our counting this factor leads to an increase of the chiral order by two units since Q/m N ∼ (Q/Λ b )
2 . Therefore, relativistic corrections to 2b currents are of order Q 4 . Nevertheless we include the 1/(4m N ) correction term of c 4 in Eq. (4) in order to be consistent with Ref. [22] , but its effect is minor. Similarly, the contribution of the term proportional to i/(8m N ) is only about 0.001% of the total GamowTeller matrix element and can thus be neglected.
Antisymmetrization of the short-range part of the 2b currents allows to express d 1 and d 2 in terms of one linear combination c D = Λ χ F 2 π (d 1 + 2d 2 ) with Λ χ = 700 MeV [52] .
* The coupling c D describes the strength of a pion or an axial-vector current interacting with a short-range NN pair. This relation is a generalization of the Goldberger-Treiman relation to the 2b level [29] . The total strength d R of the short-range part includes contributions from c 3 , c 4 and the minor relativistic correction:
Nuclear states and regulators. We evaluate the Fermi and Gamow-Teller matrix elements in a momentumspace partial-wave representation. For this we calculate * Note that this is no longer strictly the case for local regulators. 
where L, S, J and T denote the relative orbital angular momentum, spin, total angular momentum and isospin of particles 1 and 2 with relative momentum p. The singleparticle quantum numbers l, s = 1/2, j and t = 1/2 label the orbital angular momentum, spin, total angular momentum and isospin of particle 3 with momentum q relative to the center-of-mass of particles 1 and 2. In this paper all calculations for 3 H and 3 He are performed using the averaged neutron-proton mass m = 1/2(m n + m p ) for all three particles. This approximation is known to provide binding energy results within 10 keV of the full results [56] . In this approximation the three-body total angular momentum and isospin of the ground states take the values J = T = 1/2, with magnetic projections J z and T z , and we include all partial waves up to two-body
For the calculation of the nuclear states we fix the value of c E for a given value of c D by fitting the binding energy of 3 H to the experimental value E3 H = −8.482 MeV. The resulting LEC values are shown in Fig. 1 for the calculation based on the NN interaction at N 3 LO of Ref. [44] (EM 500 MeV) combined with 3N forces at N 2 LO (solid line). Here we used a non-local three-body regulator of the form
) nexp ] with Λ 3N = 500 MeV and n exp = 3. Furthermore, we performed fits based on the potentials of Ref. [55] (EMN) at order N 2 LO including the consistent 3N (with same c i ) force contributions at this order for cutoff values of 450 MeV, 500 MeV, and 550 MeV (dashed lines) and n exp = 4. Figure 1 shows that the c E values are of natural size for the entire range of c D values and all employed NN interactions.
The choice of regulator should be considered carefully when studying transition operators such as β decay. Generally, any nuclear interaction contains intrinsic resolution scales Λ that separate the low-energy degrees of freedom that are treated explicitly from the high-energy degrees of freedom that are contained implicitly in the coupling constants. As a result, the 3 H and 3 He wave functions contain these resolution scales and are hence suppressed at momenta that lie well beyond them. For the fit results shown in Fig. 1 the cutoff scales Λ 3N were chosen to be the same as in the corresponding NN interactions. When evaluating expectation values of operators with respect to these wave functions the fundamental question arises on how the high-momentum components of the operators need to be regularized. In Ref. [22] the 2b current operators were regularized by local regulators of the form
where p and p denote the relative momenta in the initial and final state. In contrast the NN interactions derived in Refs. [44, 55, 57] have been regularized using a different, non-local regulator of the form
Results. First we calculate the Fermi matrix element and obtain F = 0.9998 for all potentials from Ref. [44] independently of the LECs in the 3N force, in good agreement with isospin conservation and previous calculations [25, 50] . We then focus on the Gamow-Teller matrix element, which can be fitted to the 3 H half-life using Eq. (1). We represent all terms of Eq. (4) in the partialwave basis and evaluate the reduced matrix element in Eq. (2). Figure 2 shows results for the Gamow-Teller matrix elements as a function of the c D values, evaluated for different cutoff values Λ in the 2b current regulators of Eqs. (7) and (8) . We use no regulator for the 1b current, consistently with the calculation of F . Our results are presented in terms of the ratio of the calculated and the experimental matrix element GT exp = √ 3·0.956, which reproduces the measured 3 H half-life [22] . For each cutoff value, we show results based on calculations including 3N forces (solid lines) and without 3N forces (dashed lines) using for the 2b currents the local regulator of Eq. (7). In addition we show results using the non-local regulator of Eq. (8) Fig. 2 yields a value of c D = −0.9, a maximal value of c D = 6.0 is found for unregularized current operators. In the latter case the contributions of the current operator are cut off at high momenta solely by the nuclear states. For Λ = 500 MeV we reproduce the result of Ref. [22] of c D = −0.24 for a local regulator of the form Eq.(7). Note that for these calculations a non-local regulator was used for the NN interactions and a local regulator for the currents. Replacing the regulator in the 2b currents by a non-local one yields only slight changes in the curves and consequently very similar c D values. In addition, Fig. 2 also shows that the sensitivity of the Gamow-Teller matrix elements on 3N forces depends significantly on the cutoff value. While for small cutoffs the fitted values for c D are to very good approximation independent of 3N interactions (as argued in Ref. [22] ), for Λ 600 MeV the fits start to become sensitive to contributions from 3N forces. Fig. 2 can be traced back to the enhanced perturbativeness of the EMN potentials compared to the previous EM 500 MeV potential [58] . In particular, we found that contributions in the three-body wave functions for the latter interaction extend to much higher momenta and consequently a regulator has a stronger impact on the results for small cutoff values.
These results highlight that the sensitivity of the Gamow-Teller matrix elements on the regulators used for both forces and current operators can lead to significant uncertainties for the extracted values of c D . This sensitivity has also been studied in Refs. [23, 25, 48, 49] . Taking into account the different regularization schemes used in these works the obtained c D variation is of similar size to the one we found for the EMN potentials shown in Fig. 3 . Still, it is not obvious how a consistent choice of regulators can be precisely defined in this context, especially when the form of the employed regulator is different for forces and currents, as is the case for the results using the local regulator shown in Fig. 2 . Until these consistency constraints are taken into account it is crucial to include the uncertainties due to the regulator dependence when fitting LECs to the β decay of 3 H. [59] . The width of the shaded band denotes the 2σ experimental uncertainty.
fits are compatible with extractions from the 3 H β decay. Figure 4 shows the results for the Gamow-Teller matrix elements as a function of the 2b current cutoff for interactions fitted to the binding energy of 3 H and the charge radius of 4 He [26] (denoted as EM), as well as interactions fitted to the binding energy of 3 H and the neutron-deuteron scattering length [27] (EGM). The different EGM interactions are labeled by the value of the internal resolution scales in MeV (see Ref. [59] for details), whereas the EM interactions are labeled by the similarity-renormalization-group resolution scale in units of fm −1 (see Ref. [26] for details). Again, we find that the sensitivity of the results on the cutoff Λ tends to become stronger with increasing resolution scales and reduced perturbativeness. Second, in general it is not possible to reproduce the experimental value of the 3 H β-decay Gamow-Teller matrix element based on LECs extracted from fits to other observables, even when the cutoff dependence of the results is taken into account. This discrepancy might be caused by the application of chiral forces and currents at different chiral orders as suggested in Ref. [25] and also suggests that the uncertainty of the 3 H β decay half-life is larger than the effect from 2b currents, especially at N 2 LO. We also note that fitting the Gamow-Teller matrix element within experimental uncertainties neglects the fact that the calculations are constrained to a particular chiral order, which can be associated with an uncertainty due to the truncation in the chiral expansion (e.g., for recent work, see Refs. [62, 63] ). This illustrates, in agreement with the main result of this work, that previous works have underestimated the uncertainties when fitting LECs to the triton half-life. We leave such consistent order by order calculations to future work.
Based on the obtained uncertainty ranges for c D and c E we also explore the resulting uncertainties for manybody observables by calculating the energy per nucleon of symmetric nuclear matter within the self-consistent Green's function framework [60] . In this nonperturbative many-body approach 3N forces are included via a normal-ordering procedure with respect to the fully correlated reference state [60, 64] . Figures 5 and 6 show the energy per nucleon E/A of symmetric nuclear matter as a function of the density ρ using the NN and 3N interactions used in Figs. 2 and 3 , respectively. For the EM 500 MeV potential we find a strong dependence on the c D and c E values corresponding to different cutoff values in the local regulator of the 2b currents. The saturation energy ranges from E/A ∼ −11 MeV, for smaller cutoffs, to E/A ∼ −21 MeV, for the LECs corresponding to the unregularized 2b current. For cutoffs in the range Λ = 400 − 700 MeV, the saturation density takes the values ρ ∼ 0.13 − 0.15 fm −3 . Performing corresponding calculations using the EMN potentials we find a smaller dependence on the cutoff values. In Fig. 6 we show results for different values of c D and c E as obtained from the fit to the Gamow-Teller matrix element in Fig. 3 . First, we notice that the variation with respect to change in the 2b current cutoff grows with increasing cutoff value of the interaction. This is related to the increasing range of c D values obtained in Fig. 3 . Furthermore, the variation due to the change of the 2b current cutoff of the 500 MeV EMN potential is much smaller than in Fig. 5 for the EM 500 MeV potential. As mentioned before this can be explained by the enhanced perturbativeness of the EMN potentials. However, as the potentials become less perturbative, which is the case for the Λ = 550 MeV potential, the variation increases highlighting the relevance of the 2b current cutoff. Finally, we state that for all EMN potentials it is not possible to reproduce the saturation point based on the fits to the 3 H β decay.
These results indicate that the uncertainties of the LECs due to the regulator dependence of the nuclear forces and currents can lead to significant uncertainties for nuclear structure observables. The observed dependence may also be related to possible inconsistencies in the power counting in the currents due to the non-trivial enhancement of some contributions [65] . In order to systematically reduce these uncertainties more detailed studies are required to find a consistent way of regularizing nuclear interactions and currents ensuring also the continuity equation. In Ref. [15] it was shown that the currents and interactions indeed fulfill the continuity equation at the operator level, i.e., for infinite cutoffs.
Generalizing this analysis to regularized matrix elements will provide additional nontrivial constraints for a consistent way of regularizing electroweak currents.
Summary. We have studied the uncertainties in con- straining the LECs of the leading-order 3N interactions, c D and c E , via fits to 3 H β decay. We found that the extracted values of c D generally exhibit a significant dependence on the cutoff scale used for the currents, whereas the degree of uncertainty is correlated to the perturbativeness of the employed nuclear interactions. These additional uncertainties need to be taken into account when including 3N interactions based on such fits in nuclear structure calculations, and can be sizable as illustrated by nuclear matter calculations. Furthermore, we analyzed the Gamow-Teller matrix elements calculated with different chiral forces and c D and c E values obtained through fits to other observables. We found that it is generally not possible to simultaneously fit all experimental observables even when the uncertainty due to sensitivity to the regulator scheme is taken into account. Our studies indicate that the importance of the regularization scheme and scale in chiral many-body currents needs to be studied more carefully than in previous works, and can lead to additional uncertainties in the many-body calculations. Further studies need to be performed in order to work out a consistent way of regularizing chiral forces and currents.
In our article Eur. Phys. J. A 53, 168 (2017) the lowenergy constant c D in the two-body currents was used incorrectly. The correct definition, which is consistent with the c D coupling in the leading three-nucleon forces, gives for Eq. (5):
As a result the c [26] for details). The results labeled 'EGM' are based on NN plus 3N forces fitted to the binding energy of 3 H and the neutron-deuteron scattering length [59] . The width of the shaded band denotes the 2σ experimental uncertainty. 
